Abstract. Greece has been officially malaria free since 1974. However, from 2009 to 2012, several locally acquired, cases of Plasmodium vivax malaria were detected, in immigrants and in Greek citizens. In this study, the antibody (Ab) response of Greeks and immigrants with documented malaria was initially assessed, followed by an Ab screening of Greeks and immigrant residents of local transmission areas. Of the 38 patients tested, 10.5% of Greeks and 15.7% of immigrants were positive 5-7 months after infection. Of the 1,019 individuals from various areas of Greece, including those of autochthonous transmission, 85 of the 721 (11.8%) immigrants were positive, whereas all 298 Greeks were negative. The rapid Ab titer decline observed is reasonable, given the non-endemic epidemiological setting. The seroepidemiological findings indicate that the local Greek population remains malaria naive and that at this point Greeks are unlikely to serve as reservoir for the infection of local mosquitoes.
INTRODUCTION
Of all the Plasmodium species that infect man, Plasmodium vivax has the widest geographic distribution, with an estimated 80-300 million cases occurring annually and almost 2.5 billion people living at risk of infection, most of which reside outside Africa. 1 Large population densities and a very low prevalence of the Duffy negative phenotype render central and southeast Asia, the area most affected by P. vivax, by far. 2, 3 Recently, P. vivax has been recognized as a cause of serious morbidity and occasionally of severe, complicated and ultimately fatal disease, similar to Plasmodium falciparum. 4 Additional challenges presented by P. vivax are its tendency to relapse, through the establishment of a dormant liver stage and its ability to complete its sporogony at lower ambient temperatures than P. falciparum, which enables it to extend its area of endemicity well into the temperate zones. 5 These biological features often render P. vivax the first Plasmodium species to establish itself in a given focus and the last to be eradicated during control programs.
With increasing international travel, the importation of malaria by returning travelers and immigrants into nonendemic countries has become increasingly common. [6] [7] [8] Thus, in areas with competent vector populations, the potential for reintroduction of the disease remains. In the United States, 63 outbreaks of locally acquired malaria have been documented from 1957 to 2003, comprising 156 cases. 9 Plasmodium vivax was the predominant species involved, a fact that has been attributed to its tendency to relapse, and the high proportion of immigrants originating from P. vivax-endemic regions present in the area. 9 Malaria has been eradicated in most of Europe since the middle of the last century. A few cases of suspected autochthonous transmission have been reported in the last decade, in Spain, Corsica, Germany, and The Netherlands. [10] [11] [12] [13] Greece was officially declared malaria free in 1974.
14 Since then malaria cases have been mostly imported, but sporadic cases of locally acquired disease were occasionally reported. 15, 16 An increase in imported P. vivax malaria cases has been recorded in European countries. 17, 18 In Greece, from 2009 to 2012, 62 locally acquired, laboratory-confirmed cases of P. vivax malaria were reported to the Hellenic Center for Disease Control and Prevention (HCDCP), Athens, Greece, from various parts of the country. 19, 20 The longevity of acquired immunity to malaria remains an issue of debate and research. 21 It is generally believed that acquired immunity to malaria wanes quickly and that antimalarial antibody (Ab) responses are generally short lived, in the absence of regular reinfection. 22 Data from P. falciparumendemic areas indicate that Ab prevalence can be used as a measure of transmission intensity in endemic countries, as the acquisition and maintenance of seropositivity requires cumulative exposure to the parasite, over several years. 23 Other studies carried out in areas of stable transmission revealed a significant inter-household variation in anti-P. falciparum sporozoite response, despite comparable risk of exposure to infective mosquito bites. Age-related prevalence was also observed for anti-P. vivax sporozoite antibodies in an area of unstable transmission. 24 To date, only a few studies have investigated the protective potential of these responses, focusing mainly on merozoite surface antigens (PvMSP1, 3, and 9, PvDBPs, PvRBPs) and the circumsporozoite protein (PvCSP). 25 In this study, the Ab response of Greeks and immigrants with documented malaria infection during the previous 5-7 months was initially assessed. This pilot study was conducted to confirm the existence of antibodies in a population with known exposure to Plasmodium spp. and to evaluate the performance of the commercial enzyme-linked immunosorbent assay (ELISA) that was selected for screening. Following that, Greeks and immigrants residing in areas of Greece with locally acquired malaria transmission were screened for the detection of antimalarial antibodies, to determine the possible existence of seropositive and potentially asymptomatic Plasmodium carriers.
MATERIALS AND METHODS
Population groups of the pilot study. In March 2012, a single serum sample was collected in Laconia prefecture, *Address correspondence to Athanassios Tsakris, 75 Mikras Asias Street, 11527 Athens, Greece. E-mails: atsakris@med.uoa.gr or athantsakris@ yahoo.com south Peloponnese (Figure 1) , from 38 patients who were microscopically and molecularly diagnosed positive for P. vivax malaria infection, 5-7 months after the acute malaria attack. The patients were divided into two groups: 1) Greek citizens without travel history to a malaria-endemic country (N = 19) and 2) immigrants, originating from Pakistan and Afghanistan (N = 19). A group of healthy Greek children (N = 50) were used as negative controls. Informed consent was obtained from all patients.
Population groups of the screening study. Consequently, from April to November 2012, a screening study was carried out in immigrants from malaria-endemic countries and in Greeks considered to be at high risk of the infection as a result of residence in areas of documented local malaria transmission and/or reduced access to health services, such as Romania. For the population screening 1,038 samples were collected from 1,019 individuals. Of those, 253 samples were collected from 248 asymptomatic Greek residents of Laconia; 735 samples from 721 asymptomatic immigrants residing in Laconia, Attica, and Karditsa; and 50 samples from the same number of healthy Greek blood donors residing in Attica without travel history to malaria-endemic areas in the last 3 years. Informed consent was obtained from all individuals. For Greek residents of Laconia, a convenient leftover sampling methodology was followed. 26 The samples collected were stratified according to the population of the four villages with autochthonous malaria cases and the age group population. Private and public laboratories of the region were asked to provide the specific number per village and age group of leftover serum samples from individuals examined for chronic diseases or other noncommunicable diseases. The sampling methodology for immigrants was based on a convenient sample during the visits for fever screening at the immigrant's locations. In the Laconia region, the approximate number of immigrants was 900 and 582 (64.6%) who participated in the study. From Attica and Karditsa, the samples were collected during focus investigation of a malaria case.
ELISA. Serum samples of the pilot and screening studies were analyzed using the Malaria-Ab ELISA (IBL International GMBH, Hamburg, Germany) that detects the presence of antibodies against recombinant circumsporozoite protein (CSP) and merozoite surface protein 1 (MSP1) of P. vivax and P. falciparum immobilized on 96-well plates. Plasmodium ovale and Plasmodium malariae were also detected because of the antigenic similarity between Plasmodium species. The test was carried out according to the manufacturer's instructions. In brief, 100 μL of each serum sample (diluted 1:100) was added to the wells and was incubated for 1 hour at 37 C in a moist chamber. After washing off unbound material, 100 μL of antihuman IgG and IgM antibodies conjugated to horseradish peroxidase was allowed to react with the immune complex for 30 minutes at room temperature. After removal of excess conjugate, 100 μL tetramethylbenzidine (TMB) substrate solution was added and the color was developed. The enzymatic reaction was stopped by addition of 100 μL of 0.2 M sulphuric acid. The optical density (OD) was quantified photometrically at 450 nm using the ChroMate Microplate Reader (Awareness Technology, Palm City, FL). The ODs were converted to units (U), using a formula provided by the manufacturer, based on the measured OD of the cutoff control. Results of 11 U were considered positive, results of 9-11 U were regarded as borderline and results 9 U were considered negative. Samples giving borderline results were characterized as equivocal. To normalize OD readings between different ELISA plates, one serum sample from a patient diagnosed with malaria and one from an individual with no history of malaria infection were used as counterbalancing controls in each plate.
The Ab index of each determination is obtained by dividing the OD value of each sample by the cutoff value. A negative reaction corresponds to an Ab index of 0.8 or less, a positive reaction to an Ab index of 1.0 or more, and an equivocal result to an Ab Index between 0.8 and 1.0. The test does not distinguish between IgG and IgM, or between antibodies to P. falciparum, P. vivax, P. ovale, and P. malariae.
RESULTS
Sex and age distribution. Of the 19 malaria cases in Greeks of the pilot study, 9 (47%) were male and 10 (53%) female. Their age ranged between 17 months and 80 years with a median age of 46 years. Of the 50 healthy Greek children, aged from 1 to 10 years, 23 (46%) were female and 27 (54%) male. All the foreign patients were men and their age ranged from 19 to 55 years (median age: 25 years). In the screening study, 106 of the 248 selected Greek residents of Laconia (43%) were male and the remaining 142 (57%) were female. Their age ranged from 17 months to 94 years with a median age of 53 years. Of the 50 healthy Greek blood donors, aged from 19 to 61 years, residing in Attica, 10 (20%) were female and 40 (80%) male. The group of the 721 asymptomatic immigrants consisted of men aged between 15 and 65 years (median age: 27 years) ( Table 1) .
Country of origin and place of residence. Regarding the country of origin, 16 of the pilot study immigrants came from Pakistan, 1 from Afghanistan, and 2 from Romania. As far as the immigrants of the screening study are concerned, information was available for 685 (95%) of the 721 immigrants. Of those, 627 (91.5%) came from Pakistan, 24 (3.5%) from India, 24 (3.5%) from Afghanistan, 3 (0.44%) from Bangladesh, 2 (0.30%) from Morocco, and 5 (0.73%) from Romania. Of the 721 immigrants, 582 resided in Laconia, 124 in East Attica, mainly in Marathon, and 15 in the prefecture of Karditsa (Table 1) .
Pilot study. Of all former malaria patients (N = 38), 13 .1% (N = 5) showed a positive serological reaction to Plasmodium spp., specifically, 2 of the 19 Greeks (10.5%) and 3 of the 19 immigrants (15.7%). None of the 50 healthy Greek children, residing in Attica, was found positive for antimalarial antibodies (Table 2) .
Screening study. None of the 298 Greeks, residing in Laconia (N = 248) and Attica (N = 50) was found positive for antimalarial antibodies. Regarding the immigrant population, of the 735 samples tested, 12 were measured more than once on different dates (10 two times and 2 three times) and yielded a consistently positive or negative result. Of the remaining 721 samples, 85 (11.8%) had a positive serological reaction against Plasmodium spp., whereas 636 (88.2%) gave negative results. Seventy-one of the 582 immigrants residing in Laconia and 14 of the 124 residing in east Attica were positive, whereas all immigrants residing in Karditsa were negative (Table 2) .
DISCUSSION
Antibodies are a crucial component of naturally acquired immunity against malaria, particularly the erythrocytic stage of the infection, although not the only one. From a seroepidemiological point of view, the presence of antibodies is used as a marker of exposure, rather than one of protection against infection, and the rate of acquisition and loss of antibodies is of particular interest. The rate of detection depends of course on the sensitivity of the assay used, and on the aptness of the antigenic target. The most frequently used methods for Ab detection are immunofluorescence antibody test (IFAT) and ELISA. The ELISA methods employing recombinant antigens are easier to automate and render more reproducible results, providing a sensitive, more practical, and reproducible alternative to IFAT. 27 Regardless of the type of assay used, there seems to be broad agreement on the fact that antibodies are generated relatively quickly, in the course of infection, in most cases within 2 weeks. 28, 29 How quickly antibodies are lost however, remains a debated issue. They may persist for months or even years in semi-immune individuals who live in malariaendemic countries, where reinfection is frequent. In naive patients, however, Ab levels fall more rapidly within a year of infection and are usually undetectable by 3-6 months. 30 Greece, a country declared malaria free by the World Health Organization (WHO) since 1974, has experienced an increase in locally transmitted vivax malaria in the past 5 years. Reasons for this increase may include the influx into historically recognized malarious foci, such as south Peloponnese, of immigrants mostly from Pakistan, following recent floods that led to increased malaria risk in the Indian subcontinent region, as well as the existence of permissive Anopheles vectors in our country, such as Anopheles maculipennis, Anopheles sacharovi, and Anopheles superpictus.
The last large-scale epidemiological survey for malaria was conducted in Greece in 1974 to assess the success of the elimination program that began with the spraying campaign of 1946. No seropositives were detected in individuals under the age of 20, and the seroprevalence curve showed higher exposure in those aged over 40 years, suggesting little or no transmission at the time of the study. 31 Today, the seropositive population sampled in that survey, if still alive, would have to be at least in their 80s or 90s.
The Greeks that were sampled in the follow-up pilot study of 2012 were assessed once, 5-7 months after an acute malaria attack, which most certainly was the first in their entire lifetime. They were all successfully treated with appropriate blood and tissue schizonticidal drugs within a few days of clinical presentation. Of these, 10.5% were found positive for antimalarial antibodies. The immigrant patients were also sampled within the same time frame following acute infection and were likewise promptly, appropriately, and successfully treated for it. Unlike their Greek counterparts, however, as they originated from malaria-endemic countries, it is most likely that they had been infected either with P. falciparum or with P. vivax or even with both in the past, although it cannot be ascertained when and by what genotype. Of the immigrant patients, 15.7% were found positive for antimalarial antibodies. Seronegative individuals may have produced antibodies to polymorphic epitopes that did not cross-react with the antigens used in the assay, or antibodies that did not react as efficiently with the recombinant form of antigen used in the assay as with natural antigen, or they may have developed only very short-lived responses. Finally, they may have failed to mount a humoral response to malaria, altogether.
A limitation of this study is that following acute infection only one sample was collected from each patient with documented malaria at a varying point-in-time postinfection.
Unfortunately, in most cases, a single measurement per patient was all that could be achieved. Follow-up of immigrant populations is usually extremely difficult, because they are in constant motion, frequently go into hiding, and give different, often false names when examined, as a result of their illegal status. Fear of consequences, if located by the authorities during hospitalization or presentation in a healthcare facility, further discourages them from seeking or accepting medical assistance. Single sample measurement precludes our study from accurately estimating Ab loss rate, which would require repeated measurements at various points postinfection. Nevertheless, the low percentage of Ab positive patients we detected~6 months postinfection is an observation also made in studies of Ab titer decline rate in unstable malaria transmission settings.
Specifically, complete loss of Ab has been observed over a few months, suggesting rapid clearance of the infection with prompt effective treatment in individuals with no preexisting immunity. 32 Most of the studies reporting short-lived Ab responses have been conducted around the time of acute infection, which was usually consequently promptly terminated by effective antimalarial treatment. [33] [34] [35] Limitations of the commercial ELISA used in this study include 1) that it simultaneously detects IgM and IgG antibodies, not allowing the discrimination between different classes of Ab reactivity and 2) the inability of the assay to distinguish between antibodies against the different species that cause malaria in humans. However, because the infecting species was known for the confirmed vivax malaria cases and only 13% of patients had any detectable Ab response 5-7 months postinfection, at a time when IgM antibodies have usually disappeared, both these limitations probably had a minor effect on the results of the pilot study. The impact of these limitations, may have been more substantial on the results of the screening study, where the assay's inability to distinguish between the species and Ab classes may have prevented us from detecting additional undiagnosed P. vivax cases that had occurred, and therefore from identifying additional foci of local P. vivax transmission.
Another limitation of the study is the sampling methodology for Greeks and immigrants, which was not randomized and possibly affected the representativeness of the sample. However, the leftover methodology with stratified sample used for the Greek population could be considered satisfactory despite the lack of randomization. 26 Moreover, among the immigrants of Laconia, we achieved a relatively high participation rate (64.6%), which indicates sufficient representativeness of the sample. However, selection bias or participation bias may affect our results in both directions.
The serological screening of the local and immigrant population in Laconia, an area where autochthonous malaria transmission has been documented for at least 3 years, showed a small percentage of positive immigrants and no positives at all within the Greek population. These results likely infer rapid Ab titer decline in our non-endemic epidemiological setting, and also indicate that the local Greek population remains malaria naive. Moreover, Greeks are unlikely to serve as reservoir for the infection of local mosquitoes for another reason: their awareness for the risk of disease has been heightened in recent years and they have access to and promptly seek medical attention, when they experience symptoms indicative of malaria.
